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10 MICROFICHE APPENDIX 
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W BACKGROUND OF THE INVENTION 
J 1. FIELD OF THE INVENTION 

JJ* 15 The invention is related to the field of communications, and in particular, to 

= a communication system for processing received optical signals that carry user 

rfj information. 

5 2. DESCRIPTION OF THE PRIOR ART 

20 Transmission technologies such as multiplexing are used to increase the 

bandwidth provided by optical fibers. One transmission technology called time 
division multiplexing (TDM) interleaves multiple channels or signals into one 
optical signal. Another transmission technology called wavelength division 
multiplexing (WDM) transmits multiple signals at different wavelengths, where 

25 low data rates are used on each wavelength. Commercial WDM systems are 
limited by channel spacing of about 50GHz due to selectivity of optical filters and 
limitations in the wavelength stability of semiconductor lasers. 

Another transmission technology called sub-carrier multiplexing (SCM) 
multiplexes multiple signals in the radio frequency (RF) domain and transmits on 

30 a single spectral carrier. In an SCM system, the receiver generates a composite 
electrical signal from the heterdyne beating between the carrier and the sub- 
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carrier. SCM is advantageous because microwave devices are more mature than 
optical devices. Some of these transmission technologies are combined such as 
WDM/SCM optical systems to provide even greater transmission capacity. 

Optical system that utilize these transmission technologies experience 

5 signal degradation such as non-linear crosstalk, chromatic dispersion, and 
polarization mode dispersion (PMD) especially with higher data rates and long 
distance transmissions. Optical systems with data rates of 10 Gb/s and higher 
require precise dispersion compensation and careful link engineering. 

PMD results from birefringent properties in the optical fiber, where the 

10 material in the optical fiber displays two different indices of refraction due to 
asymmetries in the optical fiber. PMD varies in time with ambient temperature, 
fiber movement, and mechanical stress on the fibers. Thus, compensating for 
PMD can be difficult because of the time varying nature and randomness of 
PMD. PMD is measured like a vector quantity, where a differential group delay 

15 (DGD) is the magnitude of the vector and the principal state of polarization (PSP) 
are the direction. There are two PSPs associated with PMD. The two PSPs 
propagate at slightly different velocities with the distribution of signal power 
varying with time. The generally acceptable limit for DGD is about 15% of the bit 
time for the non-return-to-zero (NRZ) modulation format. 

20 FIG. 1 depicts a PMD compensation system 100 in the prior art. The 

transmitter 102 transmits an optical signal to the polarization controller 106 via 
the optic fiber 104. The polarization controller 106 aligns polarization of the 
optical signal based on feedback links 126 and 128 from the compensation 
algorithm 124. The polarization beam splitter 110 then splits the optical signal by 

25 the two PSPs of the optical fiber into link 1 1 4 and the optical delay line 112. The 
optical delay line 1 12 is tunable and introduces a DGD that is equal to the 
instantaneous DGD from the PMD. After the two split optical signals are 
combined, the photodetector 116 converts the optical signal into a corresponding 
electrical signal. The bandpass filter 118, the square law detector 120, and the 

30 low pass filter 122 then modify the electrical signal. The compensation algorithm 
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124 then performs an algorithm to determine how much DGD to introduce into 
the optical signal and how to control the polarization controller 106. 

One problem with the PMD compensation system 100 is the optical delay 
line 112. The optical delay line 112 uses a mechanical means to cover a 
5 sufficient DGD range. For example, an optical system with a 200ps DGD requires 
a 60mm dynamic range of physical delay for the tunable optical delay line, which 
is accomplished by motorized machines. One limitation of this tunable optical 
delay line with a motorized machine is the speed of tuning, which is inversely 
proportional to the tuning range. The optical delay line is slow and also bulky. 
10 Another problem is the long term reliability of mechanical moving parts of the 
If optical delay line, which perform continuous adjustment in an operational optical 
q system. 

In another prior solution, two photodetectors convert the optical signals 
tfl from the splitter into two electrical signals. An RF delay line delays one of the 
15 electrical signals similar to the optical delay line in FIG. 1 except this RF delay 
line is in the electrical domain. Unfortunately, this prior solution also experiences 

fy the same problems of the optical delay line such as reliability with the RF delay 

m 

5 line - 

p In an optical SCM system, the data rate carried by each RF carrier is 

20 relatively low compared to a conventional TDM system. Therefore, PMD-induced 
signal distortion is not considered significant because the width of the data pulse 
is long. However, PMD-induced signal fading in SCM systems depends on the 
frequency of the sub-carrier, which is typically higher than the data rate. 



25 SUMMARY OF THE INVENTION 

The invention helps solve the above problems by systems and methods 
that process a received optical signal that carries user information. A receiver 
system includes a splitter, a first converter, a second converter, and a detection 
system. The splitter splits the received optical signal based on polarization into a 

30 first optical signal and a second optical signal. The first converter converts the 
first optical signal into a corresponding first electrical signal. The second 
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converter also converts the second optical signal into a corresponding second 
electrical signal. The detection system applies radio frequency detection to the 
first electrical signal to generate a third electrical signal. The detection system 
applies radio frequency detection to the second electrical signal to generate a 
5 fourth electrical signal. The detection system then combines the third electrical 
signal and the fourth electrical signal to form a fifth electrical signal that carries 
the user information. 

In one embodiment, the first optical signal and the second optical signal 
are aligned with the principal states of polarization of an optic fiber. In some 
10 embodiments, the receiver system includes a polarization controller connected to 
y: the splitter and configured to align polarizations of the received optical signal with 
y a principal axis of the splitter. In some embodiments, the detection system 
oj generates a sixth electrical signal and mixes the sixth electrical signal with the 
ji first electrical signal. In some embodiments, the detection system applies a 
2J 15 bandpass filter to the first electrical signal and applies a square law detector to 
~ the first electrical signal. 

The receiver system advantageously reduces dispersion effects such as 
hJ polarization mode dispersion by applying radio frequency detection. The radio 
q frequency detection is advantageous over the optical delay line and RF delay line 
p * 20 based on the absence of mechanical parts, which thus provides greater 

reliability. The detection system can then use electrical circuits to apply radio 
frequency detection, which is small in size, reliable, and integratable. 

BRIEF DESCRIPTION OF THE DRAWINGS 
25 The same reference number represents the same element on all 

drawings. 

FIG. 1 is a block diagram of a polarization mode dispersion compensation 
system in the prior art. 

FIG. 2 is a block diagram of a receiver system in an example of the 
30 invention. 
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FIG. 3 is a flow chart for the receiver system in an example of the 
invention. 

FIG. 4 is a block diagram of a communication system with a receiver 
system in an example of the invention. 
5 FIG. 5 is a block diagram of a communication system with a receiver 

system for coherent detection in an example of the invention. 

FIG. 6 is a block diagram of a communication system with a receiver 
system for incoherent detection in an example of the invention. 

FIG. 7 is an illustration of a decomposition of an optical field in an example 
10 of the invention. 

O DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
m Receiver System - FIGS. 2-3 

J FIG. 2 depicts a block diagram of a receiver system 220 in an example of 

yj 15 the invention. The receiver system 220 comprises a splitter 222, an optical to 
*" electrical (O/E) converter 224, an O/E converter 226, and a detection system 
J: 228. An optic fiber link 210 is connected to the splitter 222. The splitter 222 is 
flj connected to the O/E converter 224 and the O/E converter 226. The detection 
S system 228 is connected to the O/E converter 224, the O/E converter 226, and 
^ 20 an output link 230. 

The splitter 222 is any system or device configured to split a received 
optical signal based on polarization into a first optical signal and a second optical 
signal. One example of the splitter 222 is a polarization beam splitter. The O/E 
converter 224 and the O/E converter 226 are any system or device configured to 
25 convert an optical signal into an electrical signal. Some examples of the O/E 

converter 224 and the O/E converter 226 are photodiodes. The detection system 
228 is any device or system configured to apply radio frequency (RF) detection to 
the first electrical signal to generate a third electrical signal, apply RF detection to 
the second electrical signal to generate a fourth electrical signal, and combine 
30 the third electrical signal and the fourth electrical signal to form a fifth electrical 
signal that carries the user information. Some examples of the detection system 
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228 includes multipliers, local oscillators, phase shifters, bandpass filters, and 
square law detectors. The user information is any data or information that is 
carried over a signal. RF detection is any method or process that processes 
signals in the RF range to interpret, decode or demodulate. Some examples of 
5 RF detection include coherent RF detection and incoherent RF detection as 
shown below. 

FIG. 3 depicts a flow chart for the receiver system 220 in an example of 
the invention. FIG. 3 begins in step 300. In step 302, the splitter 222 splits the 
received optical signal based on polarization into a first optical signal and a 

10 second optical signal. In step 304, the O/E converter 224 converts the first optical 
signal into a corresponding first electrical signal. In step 306, the O/E converter 
226 converts the second optical signal into a corresponding second electrical 
signal. In step 308, the detection system 228 then applies radio frequency 
detection to the first electrical signal to generate a third electrical signal. In step 

15 310, the detection system 228 applies radio frequency detection to the second 
electrical signal to generate a fourth electrical signal. In some embodiments, the 
RF carrier is removed by RF detection in step 308 and 310. In step 312, the 
detection system 228 then combines the third electrical signal and the fourth 
electrical signal to form a fifth electrical signal that carries the user information. 

20 FIG. 3 ends in step 314. 

The receiver system 220 advantageously reduces dispersion effects such 
as polarization mode dispersion by applying radio frequency detection. The radio 
frequency detection is advantageous over the optical delay line and RF delay line 
based on the absence of mechanical parts, which thus provides greater 

25 reliability. The detection system 228 can then use electrical circuits to apply radio 
frequency detection, which is small in size, reliable, and integratable. 



Communication System with RF detection - FIGS. 4-7 

FIGS. 4-7 and the following description depict specific examples of a 
30 communication system to teach those skilled in the art how to make and use the 
best mode of the invention. For the purpose of teaching inventive principles, 
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some conventional aspects of the communication system have been simplified or 
omitted. Those skilled in the art will appreciate variations from these examples 
that fall within the scope of the invention. Those skilled in the art will appreciate 
that the features described below can be combined in various ways to form 
5 multiple variations of the invention. As a result, the invention is not limited to the 
specific examples described below, but only by the claims and their equivalents. 

FIG. 4 depicts a block diagram of a communication system 400 with a 
receiver system 430 in an example of the invention. The communication system 
400 includes a transmitter 402, an optic fiber link 404, a receiver system 430, and 
io a decision circuit 422. The receiver system 430 includes a polarization controller 
406, a polarization beam splitter 408, a photodetector 41 0, a photodetector 412, 
O an RF detector 414, an RF detector 41 6, a summer 418, a splitter 420, a lowpass 
yy filter 424, an amplifier 426, and a control algorithm 428. 
^ The transmitter 402 is connected to the polarization controller 406 via the 

Di is optic fiber link 404. The polarization controller 406 is connected to the 

polarization beam splitter 408 and the control algorithm 428. The polarization 
^ beam splitter 408 is connected to the photodetector 410 and the photodetector 
ry 412. The photodetector 410 is connected to the RF detector 414. The 
S{ photodector 412 is connected to the RF detector 416. The RF detector 414 and 
H 20 the RF detector 41 6 are connected to the summer 41 8. The summer 41 8 is 

connected to the splitter 420. The splitter 420 is connected the decision circuit 
422 and the lowpass filter 424. The low pass filter 424 is connected to the 
amplifier 426. The amplifier 426 is connected to the control algorithm 428. 

The transmitter 402 is any conventional transmitter configured to transmit 
25 optical signals. The optic fiber link 404 is any conventional optic fiber. In some 
embodiments, the optic fiber link 404 includes other optical devices such as 
amplifiers and optical add/drop multiplexers. The polarization controller 406 is 
any conventional polarization controller configured to align polarization of optical 
signal based on instructions from the control algorithm 428. The polarization 
30 beam splitter 408 is a conventional polarization beam splitter configured to split a 
received optical signal based on polarization into a first optical signal and a 
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second optical signal. The photodetector410 and the photodetector 414 are 
conventional photodetectors configured to convert optical signals into electrical 
signals. The summer 418 is a conventional summer configured to sum two 
electrical signals into one electrical signal. The splitter 420 is a conventional 

5 splitter configured to split one electrical signal into two electrical signals. 

The decision circuit 422 is any system, device or circuit configured to 
process an electrical signal to extract the user information from the electrical 
signal. The lowpass filter 424 is a conventional low pass filter. The amplifier 426 
is a conventional amplifier. The control algorithm 428 is a system or device 

10 configured to perform an algorithm to determine how to control the polarization 
controller 406. 

In operation, the transmitter 402 transmits an optical signal that carries 
user information to the polarization controller 406. The polarization controller 406 
aligns the polarizations of the received optical signal with the principle axis of the 

is polarization beam splitter 408 based on control instructions from the control 
algorithm 428. The polarization beam splitter 408 splits the received optical 
signal into a first optical signal and a second optical signal. In this embodiment, 
the polarization controller 406 and the polarization beam splitter 408 provide 
polarization diversity where the first optical signal and the second optical signal 

20 are aligned with the two PSPs. In this embodiment, PMD causes a relative time 
delay between the first optical signal and the second optical signal. 

The photodetector 410 then converts the first optical signal into the first 
electrical signal. The photodetector 41 2 also converts the second optical signal 
into the second electrical signal. The RF detector 414 then applies RF detection 

25 to the first electrical signal to generate a third electrical signal. Some examples of 
RF detection are coherent RF detection and incoherent RF detection are 
discussed below. The RF detector 414 then applies RF detection to the second 
electrical signal to generate a fourth electrical signal. In some embodiments, the 
RF carrier is removed by RF detection. 

30 The summer 41 8 then sums the third electrical signal and the fourth 

electrical signal into a fifth electrical signal that carries the user information. The 
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splitter 420 then splits the fifth electrical signal into two electrical signals. The 
decision circuit 422 then processes one of the electrical signals to decode, 
interpret, or demodulate the user information from the electrical signal. The 
lowpass filter 424 filters the other electrical signal. The amplifier 426 amplifies the 

5 electrical signal. The control algorithm 428 then processes the electrical signal to 
generate control instructions for the polarization controller. In some 
embodiments, the control algorithm 428 processes the electrical signal to 
generate control instructions for the polarization controller 406 that indicate the 
two principal states of polarization. In some embodiments, the control algorithm 

10 428 processes the electrical signal to generate control instructions for the RF 
detectors 414 and 416 that indicate the differential group delay. 

0 FIG. 5 depicts a block diagram of a communication system 500 with a 
51 receiver system 540 for coherent detection in an example of the invention. The 
^ receiver system 540 performs coherent detection based on use of the local 

01 15 oscillator 518. The communication system 500 includes a transmitter 502, an 

optic fiber link 504, a receiver system 540, and a decision circuit 530. The 
H receiver system 540 includes a polarization controller 506, a polarization beam 
ry splitter 508, a photodetector 510, a photodetector 512, a multiplier 514, a 
y multiplier 516, a local oscillator 518, a phase shifter 520, an amplifier 522, an 
M 20 amplifier 524, a summer 526, a splitter 528, a lowpass filter 532, an amplifier 
534, and a control algorithm 536. 

The transmitter 502 is connected to the polarization controller 506 via the 
optic fiber link 504. The polarization controller 506 is connected to the 
polarization beam splitter 508 and the control algorithm 536. The polarization 
25 beam splitter 508 is connected to the photodetector 510 and the photodetector 
512. The photodetector 510 is connected to the multiplier 514. The multiplier 510 
is connected to the amplifier 522 and the local oscillator 518. The local oscillator 
518 is connected to the phase shifter 520. The phase shifter 520 is connected to 
the multiplier 516 and the control algorithm 536. The multiplier 516 is connected 
30 to the photodector 512 and the amplifier 524. The summer 526 is connected to 
the amplifier 522, the amplifier 524, and the splitter 528. The splitter 528 is 
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connected the decision circuit 530 and the lowpass filter 532. The low pass filter 
532 is connected to the amplifier 534. The amplifier 534 is connected to the 
control algorithm 536. 

The operation of the communication system 500 is similar to the operation 

5 of the communication system 400 of FIG. 4 except for the following operations. 
The entire operation of communication system 500 is not discussed for the sake 
of brevity and similarity to the communication system 400. 

In this embodiment, the communication system 500 uses SCM signals. In 
this embodiment, the local oscillator 518 is an RF oscillator synchronized to the 

10 sub-carrier. The multiplier 514 multiplies the first electric signal from the 
photodetector 510 and the signal from the local oscillator 518 to perform RF 
demultiplexing. The phase shifter 520 shifts the phase of the signal from the local 
oscillator 518 based on control instructions from the control algorithm. The phase 
shifter 520 is a controllable phase shifter. The shift in phase is to compensate for 

15 the PMD. In this embodiment, the control instructions indicate the amount of 
phase to shift based on the DGD, which is determined by the control algorithm 
536. The multiplier 516 then multiplies the second electric signal from the 
photodetector 512 and the signal with the phase shift from the phase shifter 520 
to perform RF demultiplexing. The amplifier 522 amplifies the first electrical 

20 signal. The amplifier 524 amplifies the second electrical signal. The summer 526 
then sums the first electrical signal and the second electrical signal. This 
embodiment of RF coherent detection is advantageous for communication 
system that use phase shift keying (PSK) for modulation of the signals. Some 
examples of phase shift keying are binary phase shift key (BPSK) and quaternary 

25 phase shift keying (QPSK). 

FIG. 6 depicts a block diagram of a communication system 600 with a 
receiver system 640 for incoherent detection in an example of the invention. The 
communication system 600 includes a transmitter 602, an optic fiber link 604, a 
receiver system 640, and a decision circuit 630. The receiver system 640 

30 includes a polarization controller 606, a polarization beam splitter 608, a 

photodetector 610, a photodetector 612, a bandpass filter 614, a bandpass filter 
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616, a square law detector 618, a square law detector 620, an amplifier 622, an 
amplifier 624, a summer 626, a splitter 628, a lowpass filter 632, an amplifier 
634, and a control algorithm 636. 

The transmitter 602 is connected to the polarization controller 606 via the 

5 optic fiber link 604. The polarization controller 606 is connected to the 

polarization beam splitter 608 and the control algorithm 636. The polarization 
beam splitter 608 is connected to the photodetector 610 and the photodetector 
612. The photodetector 610 is connected to the bandpass filter 614. The 
bandpass filter 614 is connected to the square law detector 618. The square law 

10 detector 618 is connected to the amplifier 622. The amplifier 622 is connected to 
the summer 626. The photodetector 612 is connected to the bandpass filter 616. 
The bandpass filter 616 is connected to the square law detector 620. The square 
law detector 620 is connected to the amplifier 624. The amplifier 624 is 
connected to the summer 626. The summer 626 is connected to the splitter 628. 

15 The splitter 628 is connected the decision circuit 630 and the lowpass filter 632. 
The low pass filter 632 is connected to the amplifier 634. The amplifier 634 is 
connected to the control algorithm 636. 

The operation of the communication system 600 is similar to the operation 
of the communication system 400 of FIG. 4 except for the following operations. 

20 The entire operation of communication system 600 is not discussed for the sake 
of brevity and similarity to the communication system 400. 

In this embodiment of incoherent detection or direct amplitude detection, 
the communication system 600 uses an amplitude shift key (ASK) modulation 
with SCM signals. The bandpass filter 614 filters the first electrical signal from the 

25 photodetector 61 0 to select the desired sub-carrier. The square law detector 61 8 
then performs square law detection to recover the baseband data from the RF 
carrier in the first electrical signal. The amplifier 622 then amplifies the first 
electrical signal. The bandpass filter 616 filters the second electrical signal from 
the photodetector 612 to select the desired sub-carrier. The square law detector 

30 620 then performs square law detection to recover the baseband data from the 
RF carrier in the second electrical signal. The amplifier 624 then amplifies the 
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second electrical signal. The summer 626 then sums the first electrical signal and 
the second electrical signal. In this embodiment, no feedback from the control 
algorithm 636 is needed for any of the components performing RF detection. 
FIG. 7 depicts an illustration of a decomposition of an optical field in an 

5 example of the invention. The optical field is decomposed onto the two PSPs of 
the optical fiber, which are marked x and y. E c is the input optical field for the 
carrier in an SCM optical signal. E s is the input optical field for the sub-carrier in 
an SCM optical signal. Suppose the input optical fields, E c and Es, are both 
linearly polarized for simplicity, they can be decomposed into the orthogonal 

10 PSPs of the optical fiber as stated in the following equations: 

E CY (t) = E c (t)cos0 
E SY (t) = E s (t) cos 6 
E cx (t) = E c (t)sin0 
E sx (t) = E s (t)sin& 

where 0 is the reference polarization angle. 

Ecx, E S x, E C y, and E S y travel at the corresponding PSPs to the end of the 
optical fiber. Neglecting the common-mode propagation delay, the effect of first 
15 order PMD is shown in the following equations as a relative time delay: 

4 T (0=£ cr (^Ar) 
E SY (t) = E SY (t- At) 
E cx (t)=E cx (t-Ar) 
4r(0= E sx (t-Ar) 
This equation should be: 

E CY = E CY (t- At) 
E' SY = E SY (t- At) 
E cx = E cx (t - At) 
Esx = ^{t-Ar) 

where Ax = the relative time delay between the two PSPs due to PMD. 
20 After the polarization controller aligns the principal axis of the polarization beam 
splitter with the output PSPs of the optical fiber, the optical fields carried by the 
two PSPs in the x and y directions are then separated and detected individually 
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by two photodiodes. The photodiodes that pick up the optical signal from the PSP 
in the x and y direction respectively generate a signal photocurrent from the 
beating between the carrier and sub-carrier. This signal photocurrents in the x 
and y direction are recited in the following equations: 

I x (t) = f]E c (t)sin(0)- E s sin(0) - E c (t)-E s sin 2 (0) 

I Y (t) = rjE c (t - A r)cos(#) • E s (t - A r)cos(0) = rjE c (t - A r)-E s (t - A r)cos 2 (0) 

where n is the efficiency of photo detection. In SCM as the beating occurs 
between the carrier and sub-carrier, the following equation is true for 
photocurrent detected by each photodiode: 

E c (t)E s (t)cc Pcos(Clt)mdE c (t- Ar)£ s (r- Ar)« Pcos[Q(r- At)] 

where Q is the subcarrier frequency. 

If these two photocurrent components are directly combined, complete 
signal fading happens when At = n/Q.. In this case, to avoid signal fading from 
happening, fiber DGD has to be very small, especially when the subcarrier 
frequency is high. Using RF detection before combining them, the high frequency 
RF subcarrier at Q is removed, therefore, system tolerance to fiber PMD 
depends only on the baseband data rate carried by each subcarrier and thus is 
much relaxed. 

CLAIMS: • 

What is claimed is: 
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